The electronic and optical properties of Al 2 O 3 /SiO 2 dielectric thin films grown on Si(1 0 0) by the atomic layer deposition method were studied by means of x-ray photoelectron spectroscopy and reflection electron energy loss spectroscopy (REELS). The band gaps of the Al 2 O 3 /SiO 2 thin films before annealing and after annealing were 6.5 eV and 7.5 eV, respectively, and those of the γ -Al 2 O 3 and α-Al 2 O 3 phases were 7.1 eV and 8.4 eV, respectively. All of these were estimated from the onset values of the REELS spectra. The dielectric functions were determined by comparing the effective cross-section determined from experimental REELS with a rigorous model calculation based on dielectric response theory, using available software packages. The determined energy loss function obtained from the Al 2 O 3 /SiO 2 thin films before annealing showed a broad peak at 22.7 eV, which moved to the γ -Al 2 O 3 position at 24.3 eV after annealing. The optical properties were determined from the dielectric function. The optical properties of the Al 2 O 3 /SiO 2 thin films after annealing were in good agreement with those of γ -Al 2 O 3 . The changes in band gap, electronic and optical properties of the Al 2 O 3 /SiO 2 thin films after annealing indicated a phase transition from an amorphous phase to the γ -Al 2 O 3 phase after annealing.
Introduction
Silicon dioxide (SiO 2 ) has been used as a gate oxide in complementary metal-oxide-semiconductors (CMOSs) because of its stability at the SiO 2 /Si interface as well as its good electrical isolation property. Recently, the gate oxide thickness of CMOS devices has been aggressively scaled down to sub-nanometres for the transistor feature size of less than 50 nm, and it reaches the physical limit originating from quantum tunnelling. To avoid quantum tunnelling, a high-κ gate dielectric layer is needed. The high-κ dielectric layer allows for an increased physical thickness, which reduces 5 Author to whom any correspondence should be addressed. leakage current and improves device properties. The basic criteria for choosing gate dielectric materials are the barrier heights that will effectively block holes and electrons, the chemical stability in contact with both silicon substrate and gate materials, and a low density of interface electronic states. Among many possible candidates, transition metal oxides such as hafnium dioxide (HfO 2 ) [1, 2] , zirconium dioxide (ZrO 2 ) [3] and titanium dioxide (TiO 2 ) [4] , rare earth oxides such as lanthanum aluminium oxides (LaAlO) [5, 6] and metal oxides such as alumina (Al 2 O 3 ) and their compounds with SiO 2 are promising candidates for replacing the SiO 2 gate dielectric [7] . Although an Al 2 O 3 /SiO 2 thin film does not have a high dielectric constant (∼10), it emerged as one of the promising high-κ candidates due to its chemical and thermal stabilities, and high-barrier offset [4, 6] . The electronic and optical properties of alumina are known to be dependent on the structure and on the phase of aluminium oxide [8] [9] [10] . In particular, α-Al 2 O 3 thin films have received some attention as a gate oxide material because of their high band offset for electrons and holes which reduces leakage currents.
The electronic and optical properties of gate oxide materials influence the device performance to a considerable extent. Both x-ray photoelectron spectroscopy (XPS) and reflection electron energy loss spectroscopy (REELS) are surface sensitive, and hence they are capable of analysing the electronic and optical properties of dielectric thin films because the low energy loss region reflects the structure of the valence and conduction electrons [11] . In fact, REELS has been successfully used to obtain the electronic and optical properties of ultrathin dielectric thin films [1, 3, 5, 7, 12] .
In this study, the chemical states were obtained from XPS spectra, and the band gap, the electronic and optical properties of Al 2 O 3 /SiO 2 thin films, γ -Al 2 O 3 thin films and α-Al 2 O 3 (sapphire) were obtained from an analysis of REELS spectra. The electronic and optical properties represented by the dielectric function ε, the refractive index n and the extinction coefficient k of the Al 2 O 3 /SiO 2 thin films clearly show that they undergo a phase transition from an amorphous phase to the γ -Al 2 O 3 phase after annealing at 1200
• C. However, the α-Al 2 O 3 phase could not be obtained after annealing at these high temperatures.
Experiment
Al 2 O 3 /SiO 2 thin films were grown on p-Si (1 0 0) substrates by the atomic layer deposition (ALD) method. Prior to growing mixed oxide films, the p-type Si substrates were cleaned using the Radio Corporation of America (RCA) method [13] , in which wafers are sequentially immersed for several minutes in an NH 4 OH-H 2 O 2 -H 2 O mixture (SC-1) and an HCl-H 2 O 2 -H 2 O mixture (SC-2) at elevated temperatures, and then in dilute HF at room temperature. After the Si surface was cleaned, the SiO 2 thin film was thermally grown using H 2 O vapour at a temperature of 800
• C [14] . For Al 2 O 3 , Al(CH 3 ) 3 was used as the precursor and O 3 vapour served as the oxygen source. The film was grown with the substrate at 450
• C in Ar ambient atmosphere, which was supplied as the purge and carrier gas. The physical thickness of the thin films was about 5 nm. The thin films were annealed up to 1200
• C by the rapid thermal annealing method. The composition of the Al 2 O 3 thin films as grown and after annealing did not change, which was estimated by a quantitative analysis of the XPS spectra. The REELS spectra of the samples were measured using an ESCALAB210 instrument and recorded at a constant pass energy of 20 eV. The incident and take-off angles from the surface normal were 55
• and 0 • , respectively. The primary electron energies were 0.5, 1.0, 1.5 and 2.0 keV. The energy resolution, given by the full width at half maximum (FWHM) of the elastic peak of backscattered electrons, was about 0.8 eV, and the REELS spectra were measured up to 100 eV energy loss.
Theoretical background for REELS analysis

Inelastic-scattering cross-sections and energy loss function (ELF)
We investigate the electronic and optical properties of the thin films through a quantitative analysis of the electron energy loss spectra with the Tougaard-Yubero QUEELS-ε(k, ω)-REELS software package [15] . The model used in this software package takes into account the inelastic scattering of electrons as they travel through the vacuum above the surface, the surface region and the bulk region of the solid and it also takes into account the interference effects between the excitations. Details about this model can be found elsewhere [15] [16] [17] . Here we describe the theory briefly. All excitations are described by the dielectric function ε(k, ω) of the material, which is the only input into the theoretical calculation. The software calculates the average theoretical electron inelastic scattering cross-section K th (E 0 ,hω) of all the electrons in a given REELS experiment. Here, E 0 is the primary electron energy and hω is the energy lost by the electron in a scattering event.
The theoretical inelastic scattering cross-section is compared with an experimental cross-section and in an iterative process this allows us to determine the dielectric function of the thin film. The experimental cross-section K exp (hω) times the corresponding inelastic mean free path λ, in the form of λK exp , is deduced from the measured REELS spectrum by the formula in [18] which is implemented in the QUASES-XS-REELS software. To model the ELF of the materials, we use an expansion involving Drude-Lindhard type oscillators [19, 20] in the form
whereh
Here, A i , γ i ,hω and α i are the strength, damping coefficient, excitation energy and momentum dispersion coefficient of the ith oscillator, respectively, andhk is the transferred momentum of the electron to the solid. Even though the dependence of ω 0i on k is generally unknown, we made use of equation (2) with α i as an adjustable parameter. The values of the momentum dispersion coefficients α i are related to the effective mass of the electrons. As a general rule, for metals α i ∼ 1 for oscillators withhω i < 30 eV, and α i ∼ 0 for oscillators withhω i > 30 eV. However, for semiconductor oxides with high band gaps, α i ∼ 0 for all oscillators. The step function θ(hω − E g ) is included to describe the effect of the band gap E g in semiconductors and insulators, so that θ(hω − E g ) = 0 ifhω < E g and θ(hω − E g ) = 1 ifhω > E g . The band gap was estimated from the onset value of energy loss in the REELS spectrum in figure 2. The method was described in our previous work [1, 3, 5, 7] . The oscillator strengths are adjusted to make sure that they fulfil the Kramers-Kronig sum rule [16, 17, 19] , where we have used the index of refraction n in the static limit for the optical data. For the Al 2 O 3 thin film, it is 1.75 [21] . Actually, the accuracy of this value for the model is not critical in the calculation.
Optical properties obtained from the ELF
The properties of the electronic states of materials are described by the complex dielectric function of the medium through which the electrons are travelling. The functional shape of the ELF, which is closely related to the features appearing in the experimental loss spectra, led us to parametrize the ELF instead of the dielectric function ε. This parametrization allows us to perform an analytical Kramers-Kronig transformation of Im{1/ε} to obtain the real part Re{1/ε} of the reciprocal of the complex dielectric function as follows [19, 20] :
Using Im{1/ε} and Re{1/ε}, we can express the real and imaginary parts of the dielectric function in the form
The index of refraction n and the extinction coefficient k are given in terms of the dielectric function as follows [20] :
Tools to calculate these optical quantities are also included in the QUEELS-ε(k, ω)-REELS software [15] . [22, 23] . Figure 2 shows the REELS spectra for the Al 2 O 3 /SiO 2 on Si substrate thin films (before and after annealing), γ -Al 2 O 3 , α-Al 2 O 3 and SiO 2 thin films at a primary energy of 1.0 keV. The onset of a loss is due to electron-hole excitation and corresponds to the band gap values of the dielectric films. The band gap energy can thus be found by drawing a linear fit line with a maximum negative slope from a point near the onset of the loss spectrum to the background level. The crossing point gives the band gap value [1, 3, 5, 7] . The band gaps of the Al 2 O 3 /SiO 2 (before annealing), Al 2 O 3 /SiO 2 (after annealing), γ -Al 2 O 3 , α-Al 2 O 3 and SiO 2 thin films are 6.5 eV, 7.5 eV, 7.1 eV, 8.4 eV and 9.0 eV, respectively. The reproducibility of our fit procedure for the band gap measurements is within ±0.1 eV, which is the standard error of three independent measurements. The band gap of Al 2 O 3 /SiO 2 changes after annealing to a value close to that of γ -Al 2 O 3 , and this is attributed to a phase transition from an amorphous phase to the γ -Al 2 O 3 phase. Further support for this conclusion is found from the detailed analysis of the ELF and optical properties below. Figure 3 shows good agreement between the experimental inelastic cross-section λK exp (line) and the theoretical inelastic cross-section λK th (symbol) for the Al 2 O 3 /SiO 2 thin films before and after annealing. We used the QUEELS-XS-REELS software, which is based on the theoretical model in [18] , to obtain the experimental λK exp derived from the raw experimental REELS spectra and QUEELS-ε(k, ω)-REELS software to obtain the theoretical inelastic crosssection λK th at primary electron energies of 1.0, 1.5 and 2.0 keV. The parameters in the ELF were determined by a trial and error procedure, in which the parameters of a test ELF function are adjusted until the agreement between the theoretical inelastic cross-section K th (E 0 ,hω) and the experimental inelastic cross-section K exp (E 0 ,hω) produces a successful fit. The ELF parameters thus determined are shown in table 1. The successful fits in figure 3 using the same ELF for all primary energies give us high confidence in the validity of the model and thereby in the accuracy of the determined ELF. The ELF as well as the surface energy loss function (SELF) for all considered materials corresponding to the determined ELF parameters in table 1 are plotted in figure 4 for a wide energy range (0-80 eV). For comparison, the ELF and SELF spectra of γ -Al 2 O 3 and α-Al 2 O 3 are also shown in figure 4 .
Results and discussion
The determined ELF of Al 2 O 3 /SiO 2 has three oscillators in the vicinity of 14. [7] . The energy loss region between 30 and 35 eV is the most pronounced for the α-Al 2 O 3 ; however, it is not the case for either the γ -Al 2 O 3 or for the annealed Al 2 O 3 /SiO 2 thin films. Comparing the parameters in table 1 it is evident that this is due to a much smaller value of the damping coefficient γ and the strength A i for the oscillator at 31-34 eV for α-Al 2 O 3 compared with the other considered materials. The main feature spectrum at 22.7 eV for Al 2 O 3 /SiO 2 before annealing shifts to a higher energy loss position at 24.3 eV after annealing. The main peak positions of the ELF and SELF after annealing are similar to those of the γ -Al 2 O 3 thin films, which are lower than that of α-Al 2 O 3 . These results suggest a phase transition from an amorphous phase to the γ -Al 2 O 3 phase after annealing.
The optical properties for the Al 2 O 3 /SiO 2 , γ -Al 2 O 3 and α-Al 2 O 3 thin films were determined from the ELF as described in the preceding section as a function of electron energy. Figure 5 shows the real part ε 1 and the imaginary part ε 2 of the dielectric functions. As can be seen in the inset of figure 5(a) , the intensity and the main peak of the dielectric function (ε 1 and ε 2 ) of the Al 2 O 3 /SiO 2 thin films after annealing are almost identical to those of the γ -Al 2 O 3 thin films. The peak of both ε 1 and ε 2 for α-Al 2 O 3 is higher than that of the γ -Al 2 O 3 thin film. The results in figure 5 show that at the energy where the imaginary part ε 2 has a maximum, the real part ε 1 of the dielectric function decreases to about zero, which indicates a resonance [25] . The resonance in insulators like Al 2 O 3 is associated with the collective oscillation of the electrons in the valence band [24] . In metals, the resonance is associated with the collective oscillations of the free electron gas near the Fermi surface, which is excited by the long-range Coulomb interactions. The resonance of free electron gas in metals is much stronger than that of bound electrons in the valence band of insulators [24] .
The inset of figure 5(b) shows that the loss energy, for which ε 1 ≈ ε 2 , is shifted from 25 eV for the Al 2 O 3 /SiO 2 thin films before annealing to 26.6 eV after annealing, while the maximum peak position of the ELF changes from 22.7 to 24.3 eV. As expected, the bulk plasmon peak shifts to a higher energy loss position after annealing. In the energy region above the bulk plasmon peak the transparency is higher [20] . Thus, in this energy region, ε 2 ( figure 5(b) ) and k go to zero as can be clearly seen in figure 6 , which shows the values of the refractive index n and the extinction coefficient k as a function of electron energy loss. The intensity and peak position of n of the Al 2 O 3 /SiO 2 thin films after annealing are almost identical to those of the γ -Al 2 O 3 thin films (see the inset of figure 6 ). Figure 7 shows the reflectivity R of the Al 2 O 3 /SiO 2 , γ -Al 2 O 3 thin films and α-Al 2 O 3 as a function of electron energy in terms of n and k values as follows [20] :
The reflectivity of Al 2 O 3 /SiO 2 after annealing for energies <15 eV and >22 eV is practically identical to that of the γ -Al 2 O 3 thin films. In the energy loss between 15 and 22 eV, the reflectivity of the γ -Al 2 O 3 is more pronounced than that of Al 2 O 3 /SiO 2 after annealing. There is a peak at the energy loss are similar to those results reported by other groups using vacuum ultraviolet (VUV) and transmission electron energy loss spectroscopy (EELS) [9, 10] . Based on the detailed comparison of n, k, ε 1 and ε 2 above, we conclude that the electronic and optical properties of the Al 2 O 3 /SiO 2 thin films after annealing are similar to those of the γ -Al 2 O 3 thin films. 
Conclusion
In this work, we obtained the electronic and optical properties of were obtained by comparing the experimental cross-section K exp (hω) times the corresponding inelastic mean free path λ, in the form of λK exp , with the theoretical λK th . The determined ELF of the Al 2 O 3 /SiO 2 thin film shows a broad peak at 22.7 eV before annealing, which moves to the γ -Al 2 O 3 position at 24.3 eV after annealing. The dielectric and optical properties for the Al 2 O 3 /SiO 2 thin films, γ -Al 2 O 3 thin films and α-Al 2 O 3 were determined using the ELF. The intensity, the shape and 
